Treatments for endometriosis include pharmacological or surgical procedures that produce significant side effects. We aimed to determine how environmental enrichment (EE) could impact the progression of endometriosis using the autotransplantation rat model. Female rats were exposed to EE (endo-EE: toys and nesting materials, 4 rats per cage, larger area enclosure) or no enrichment (endo-NE: 2 rats per cage) starting on postnatal day 21. After 8 weeks, sham surgery or surgical endometriosis was induced by suturing uterine horn tissue next to the intestinal mesentery, then allowed to progress for 60 days during which EE or NE continued. At the time of killing, we measured anxiety behaviors, collected endometriotic vesicles and uterus, and processed for quantitative real-time polymerase chain reaction for corticotropin-releasing hormone (CRH), urocortin-1, CRH receptors type 1 and type 2, and glucocorticoid receptor (GR). Endometriosis did not affect anxiety-like behaviors, yet rats in enriched conditions showed lower basal anxiety behaviors than the nonenriched group. Importantly, the endo-EE group showed a 28% reduction in the number of endometriosis vesicles and the vesicles were significantly smaller compared to the endo-NE group. Endometriosis increased CRH and GR only in the vesicles of endo-NE, and this increase was dampened in the endo-EE. However, urocortin 1 was increased in the vesicles of the endo-EE group, suggesting different pathways of activation of CRH receptors in this group. Our results suggest that the use of multimodal complementary therapies that reduce stress in endometriosis could be an effective and safe treatment alternative, with minimal side effects.
Introduction
To date, most techniques used to treat endometriosis either employ invasive surgical procedures or pharmacological treatment such as contraceptive hormones or gonadotropinreleasing hormone suppressors. 1, 2 These treatment approaches do not result in long-term efficacy, and most are accompanied by substantial side effects that may be highly detrimental to women with endometriosis. 3 Because the symptoms of endometriosis are disruptive of day-to-day activities, relationships, and work, 4 the use of a multidisciplinary management approach has been suggested as the standard of care for women with this complex condition. 5 Moreover, neuroendocrine disturbances have been reported in endometriosis, which would require a systemic management approach to the disease. 6 Despite this, very little empirical data are found regarding the use of alternative or complementary treatments in endometriosis alone or in combination with standard medical treatment 7, 8 Endometriosis symptoms have a significant negative impact in a women's life, causing high levels of stress. 9 In a report by Toth, she summarizes that women with endometriosis are caught in a "vicious circle of high stress perception, inflammation, and disease progression." 10 Previous work from our group has demonstrated that stress can exacerbate the progression of endometriosis, 11 but its controllability can have beneficial effects. 12 In the clinical scenario, we and others have also demonstrated that endometriosis/dysmenorrhea causes an adaptive decrease in cortisol secretion once the disease has been established, pointing toward a malfunction of the hypothalamic-pituitary-adrenal (HPA) axis stress system. 13, 14 Consequently, women with endometriosis might greatly benefit from alternative interventions that target stress reduction and promote well-being. 15 Environmental enrichment (EE) is a well-studied model in the field of behavioral neuroscience. Environmental enrichment has already been effectively used as a possible treatment for a myriad of disease symptoms including depression and anxiety-related behaviors in a Huntington disease model 16, 17 and behavioral and immune cell function in a model of Alzheimer disease. 18 Moreover, EE has been shown to either prevent or block the effects of chronic stress on hippocampal integrity when EE was started before or after the stressor began. 19 These studies demonstrate that EE can have beneficial effects at the neural and peripheral level, mostly targeting the HPA axis in response to either physical or physiological stressors. 20 Environmental enrichment is not a single manipulation but is a "combination of complex inanimate and social stimulation." 21 We currently do not have a direct translational model for EE, but modalities such as mindfulness-based cognitive behavioral therapy (CBT) share some translational aspects of animal EE by reducing anxiety responses. In fact, CBT is currently under clinical trial as a complementary treatment for inflammatory bowel disease, which shares many symptomatology similarities with endometriosis. 22 However, we do not fully understand, at the mechanistic level, how environmental manipulations that impact the stress system work in improving symptomatology.
We aimed at determining how EE could impact the progression of endometriosis using a well-validated autotransplantation rat model. [23] [24] [25] [26] This model has been shown to have multiple parallels with the human condition such as subfertility, inflammation, and hyperalgesia. [27] [28] [29] Our research group and others have shown that endometriotic lesions in this rat model share gene expression profiles with human lesions. 30, 31 In the present study, we used this model of endometriosis to investigate if EE, composed of larger enclosures, increased social interaction and novelty (toys, chewing, and nesting materials changed weekly) could ameliorate the progression of endometriosis. We hypothesized that EE will produce a resilient phenotype in this model and reduce endometriosis progression by targeting the HPA axis stress system.
Materials and Methods

Enrichment Model
Female Sprague Dawley rats of 21 days old were used in the experiments. Rats were kept in a 12-hour light/dark cycle with food and water ad libitum. Rats were weighed twice per week to monitor their adequate development. All experimental procedures were approved by the Ponce Health Sciences University and University of Texas and Rio Grande Valley Institutional Animal Care and Use Committees and adhere to the NIH Guide for the Care and Use of Laboratory Animals. At postnatal day (PND) 21, rats were assigned to either EE or no enrichment (NE) conditions. Environmental enrichment consisted of 3 main elements as standardly described 32 : novelty, increased social contact, and a larger environment that allowed for more movement and exploration. Due to the additional variability that physical exercise may introduce and that we have observed in previous experiments, 12 we decided not to use exercise wheels or any form of physical exercise. Environmental enrichment housing was a Plexiglas box (30.8 Â 59.3 Â 22.8 cm) containing standard bedding, 4 rats per box and 4 different toys and/or nesting materials that were changed weekly. Toys/nesting included plastic igloos where rats could hide, chewing bones, chewable thin cardboard tubes, wood sticks, fabric hammocks, wicker balls, pumice stone chewing blocks, hard plastic hanging rings, cotton rods, and soft paper that can be plucked for nesting. No enrichment consisted of a Plexiglas box (20.3 Â 40.6 Â 19.05 cm) with 2 rats per cage and standard bedding. Rats spent 8 consecutive weeks in either NE or EE conditions. At the end of the 8 weeks, surgical endometriosis or sham surgery occurred. After surgery, rats returned to their previous housing conditions and endometriosis was allowed to progress for 60 days. Overall, rats spent 56 days in EE or NE prior to any surgical manipulation and additional 60 days after endometriosis or sham surgery. If rats started on EE or NE at PND 21, they were continued on EE or NE after surgery; no change in conditions occurred. Therefore, rats were either in EE or NE for a total of 116 days starting on PND 21 until PND 137.
Endometriosis Induction
Endometriosis was surgically induced under isoflurane anesthesia by autotransplanting pieces of the right uterine horn to the intestinal mesentery. The protocol has been previously described. 27, 33 The control group were sham-operated animals for which the right uterine horn was massaged for 2 minutes and sutures were placed in the intestinal mesenteric area with no uterine implants. Similar to our previous report, 33 endometriosis was allowed to progress for 60 days before killing.
Behavioral Assessment
On the day of killing, rats were tested in 2 anxiety behavioral tasks: the open field and the elevated zero maze. The open field test measures exploratory and locomotor activity of a rodent in an open arena. Time spent at the walls versus the center can be measured as an index of anxiety. The testing apparatus consisted of a square wood arena (91 Â91 Â 38 cm, fabricated in house) with overhead light illumination and video monitoring to record animal activity using Any-Maze software (Stoelting, Wood Dale, Illinois). Animals were placed at the center of the field and activity was recorded for 20 minutes, quantifying the following parameters: (1) total distance moved, (2) time spent moving, (3) time spent at the center of the arena, (4) time spent near the walls of the arena (defined by the 15 cm of floor arena closest to the walls), and (5) total fecal pellets. Data were analyzed in 5-minute intervals. At the end of the testing period, animals were returned to the home cage and, after a 5-minute break, were tested in the elevated zero maze. Only the first 5 minutes in the open field are presented in Figure 1 to maintain a comparable amount of behavioral time in both the open field and the zero maze. Sequential testing of animals in behavioral tests, using the open field as the first test, has been shown to have no effect on subsequent testing. 34 The elevated zero maze is very similar to the more classically used elevated plus maze, with the advantage of not having a center zone, thus eliminated the ambiguity the center zone causes. The zero maze measures the unconditioned anxiety caused in response to an elevated platform. The apparatus consisted of a circle with an arm width of 10 cm and elevated 40 cm from floor. Two sections of the circle were open without walls and 2 enclosed by 40-cm high walls. The zero maze measures the general aversion of rodents to open and elevated spaces. The more time that the animal spends on the open arms was interpreted as having less anxiety. The maze was purchased from Stoelting Co. A description and picture of the specific maze used can be accessed in the website, http://www.anymaze.co.uk/pluszero-y-t-radial-mazes.htm. Rats were placed in the intersection of an open arm, facing the closed arm and opposite to the experimenter. Behavior was videotaped for 5 consecutive minutes using the Any-Maze software recording the following parameters: time spent in the open/closed arms and the number of entries made by the rodent onto the open/closed arms. An arm entry is considered when 60% of the animal body is on the arm. At the end of the 5-minute testing period, the animal was returned to the home cage, total fecal pellets are counted, and the maze is cleaned with bactericide solution. Rats were immediately anesthetized with an overdose of 65% sodium pentobarbital to proceed with laparotomy.
Sample Collection and Processing
At the time of killing, all animals had a cytological smear taken to verify the stage of the estrous cycle. The peritoneal cavity was opened and examined for the presence of vesicles and the original sutures. Vesicles were defined as cystic structures, round or oval in shape around the original implantation site of uterine tissue. In most vesicles, the original piece of suture could be identified (see panel F, Figure 2 ). We first collected peritoneal fluid using a sterile plastic pipette. The endometriotic vesicles that developed were weighed, and the longest length and width were measured with a digital caliper. Classification of vesicles was carried out as previously described. 12, 35 Vesicles were assigned the following grades: grade 1 ¼ dis- collected the adrenal glands, removed all surrounding fatty tissue, and weighed them. Tissue segments from the colon, uterus, and vesicles were flash frozen and stored at À80 until further processing.
RNA Isolation and Complementary DNA Synthesis
Collected endometrial implants (vesicle) and uterine horn tissue, from endo or sham rats, were lysed by mortar and pestle in RLT buffer (Qiagen, Germantown, Maryland). Extractions of the total RNA from the lysates were extracted according to RNAeasy Mini Kit manufacturer's protocol (Qiagen). RNA concentration and purity were measured on a NanoDrop 2000 UV spectrophotometer (Thermo Scientific, Wilmington, Delaware). Concentration and quality of RNA samples were acquired based on the ratio of absorbance at 260/280 nm in the spectrophotometer. Synthesis of complementary DNA (cDNA) from RNA samples was done using iScript cDNA Synthesis Kit Figure 2 . Morphological characteristics of endometriosis vesicles. A, The percentage of implants that developed into vesicles was significantly lower in the endo-enrichment (EE) group compared to the endo-no enrichment (NE). B, The total weight of all vesicles per rat was smaller for the endo-EE group. C, The total vesicle volume per rat was significantly smaller for the endo-EE group compared to the endo-NE group. D, Similar to volume, the total vesicle area per rat was significantly smaller in the endo-EE compared to the endo-NE group. E, Vesicles that developed were classified by grade based on a scale by size. F, Example of a grade 5 vesicle. The white arrow is pointing toward the silk suture used to attach the uterine tissue to the mesentery, which got completely enveloped in the vesicle as it developed. *P < .05; **P < 0.01.
according to the manufacturer's protocol (Bio-Rad, Hercules, California). Total reaction volume was 20 mL including 0.1 mg of total RNA concentration and synthesis reagents. Reactions were carried out in PTC-100 thermal cycler (Bio-Rad). Reverse transcription polymerase chain reaction (RT-PCR) running method was as follows: 25 C for 5 minutes, 42 C for 30 minutes, 85 C for 5 minutes. Samples were stored at À80 C for later experimentation or quantitative RT-PCR (qRT-PCR).
Quantitative RT-PCR (Corticotropin-Releasing Hormone, Urocortin-1, Corticotropin-Releasing Hormone Receptor Type 1, Corticotropin-Releasing Hormone Receptor Type 2, and Glucocorticoid Receptor)
To evaluate gene expression, qRT-PCR was performed in a Mastercycler Realplex 2 System (Eppendorf, Hauppauge, New York) using 25 mL of a total volume of reaction assay with a 1:10 dilution of cDNA with IQ SYBR Green Supermix (BioRad) in a 96 well-plate according to the manufacturer's protocol. Commercial primers for corticotropin-releasing hormone (CRH), urocortin 1, CRH-receptor type 1 (CRHR1), CRHreceptor type 2 (CRHR2), and glucocorticoid receptor (GR) were used (Qiagen). Real-time PCR cycles consisted of 95 C for 10 minutes for enzyme activation followed by 40 cycles of denaturing at 95 C for 15 seconds and annealing at 60 C for 1 minute. Fold change expression were normalized with the levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) of each sample. Cycle threshold (CT) values and changes per gene expression level were automatically analyzed by the Realplex v.15 software (Bio-Rad). All samples were run in duplicate.
Corticosterone Stress Hormone Assay
Serum and peritoneal fluid corticosterone were analyzed using commercially available enzyme-linked immunosorbent assay (ELISA) kits for rat corticosterone (IBL-America, Spring Lake Park, Minnesota) following the manufacturer's instructions.
Statistical Analyses
GraphPad Prism 6.0 (Graph-Pad Software, San Diego, California) was used to prepare graphs and presented as mean difference + standard error of the mean (SEM). We used SPSS version 21 for statistical analyses. A P value <.05 was considered statistically significant. A 1-way analysis of variance was used for normally distributed variables (assessed by ShapiroWilk normality test), for comparisons of 3 or more groups. A Student t test was used for comparisons between 2 groups. When the variability between groups was significantly different, a Welch corrected t test was used. A test for outlier values was also conducted. qRT-PCR results were analyzed using a 1-sample t test against the sham rats value normalized to 1.0.
Results
Anxiety Behaviors Are Altered by Endometriosis and EE
Environmental enrichment in this experiment consisted of 3 main factors: increased social contact, a larger environment that allowed for more movement and exploration, and novelty provided by weekly change of toys, chewing, and nesting materials. Rats started enrichment immediately after weaning and remained in enrichment for 8 consecutive weeks. Rats received surgical implantation of 4 uterine pieces on their mesentery (endometriosis) based on the model of Vernon and Wilson 27 after 8 weeks of enrichment or standard housing. Sham rats remained in standard housing and only received sutures (n ¼ 11). A group of 20 rats were used for NE, whereas 24 rats were used for the EE group. One rat from the NE group died during surgery due to anesthesia overdose, whereas 1 rat from the EE group was eliminated due to a subcutaneous abscess in the abdominal wall resulting in final group numbers of 19 and 23 animals, respectively.
After 60 days of endometriosis progression, we deeply anesthetized the rats and performed a laparotomy to examine whether endometriotic vesicles formed, then measured and excised the vesicles. On the morning of laparotomy, we assessed anxiety behaviors using 2 frequently used behavioral tasks: the open field and the elevated zero maze. We observed a dichotomized response in anxiety behaviors. First, in the open field, we observed equal locomotor activity for all 3 groups (F 2,52 ¼ 1.41; P > .05; Figure 1A ), suggesting that neither endometriosis nor enrichment conditions changed exploratory activity in this task. We observed the endo-EE rats with less anxiety behaviors spend significantly more time at the center of the field as compared to the endo-NE group (main effect F 2,49 ¼ 3.44; P < .05; post hoc, P < .05; Figure 1B ). On the other hand, the endo-EE rats showed a decrease in the total locomotor activity in the zero maze as measured by the total distance traveled in the whole maze (F 2,52 ¼ 12.34, P < .001; post hoc, P < .01 compared to sham and endo-NE; Figure 1C ). When we quantified the percentage of time that the rats spent in the open arms, we did not find any difference between groups (F 2,51 ¼ 2.53; P > .05; Figure 1D ).
Endometriotic Vesicles Are Decreased in Number by EE
We consistently recorded a significantly decreased number of implant sites that developed into endometriosis vesicles in the enrichment group (t ¼ 3.46; df ¼ 40; P < .01; Figure 2A ). Within the vesicles that developed in the 2 groups, the total weight of vesicles averaged per rat was lower for the endo-EE group than for the endo-NE group (Welch corrected t test: t ¼ 2.16; df ¼ 36; P < .05; Figure 2B ). The lower weight was also related to a smaller total volume (Welch corrected t test: t ¼ 2.10; df ¼ 24, P < .05; Figure 2C ) and area (t ¼ 2.47; df ¼ 40; P < .05; Figure 2D ) of developed vesicles per rat. Consistent with our previous reports, 12, 33 we also quantified the grade of the vesicles based on a length scale for each vesicle, where 1 denotes an implant that disappeared and 5 an implant that developed into a vesicle equal or larger than 6 mm ( Figure 2E ). We observed a larger percentage of implants that did not develop into endometriosis vesicles in the endo-EE group. The percentage of vesicles assigned a grade 3 or 4 was similar for both groups, with a smaller number of vesicles reaching a grade of 5 in the endo-EE group compared to the endo-NE group. Vesicles that did develop showed a pattern of characteristics such as infiltrate color, some being yellowish and others transparent, while yet others showed a brownish coloration ( Figure 2F) , similar to what is observed in women with endometriosis. 36, 37 Endometriosis Changes the HPA Axis Regardless of EE At the time of killing, we collected the left and right adrenal glands, peritoneal fluid, and blood to quantify corticosterone content by ELISA. Since adrenal weight can vary depending on the size of the animal, we normalized for the rat body weight measured right before killing. We found a significant decrease in adrenal size for the rats that had endo-EE and endo-NE as compared to the sham group (F 2,49 ¼ 4.08; P <.05; Figure 3A ). In addition, we found a significant hypocortisolism in both endo-EE and endo-NE groups compared to the sham control group. Main effect analysis revealed that this change was significantly different for both the corticosterone content in peritoneal fluid (F 2,34 ¼ 8.21; P <.01; Figure 3B ) and in serum (F 2,34 ¼ 4.25, P <.05; Figure 3C ). Post hoc analysis revealed that the sham group was significantly different from both groups of endo in the peritoneal fluid (P < .01 both comparisons) and in serum (P < .05, both comparisons). However, EE did not produce any change in corticosterone content in rats with endometriosis.
Environmental Enrichment Decreases CRH and GR Messenger RNA in Endometriosis but Does Not Impact CRH Receptors
At the time of laparotomy, the developed endometriosis vesicles were collected, flash frozen, and later used for the analysis of messenger RNA (mRNA) content of GR, CRH, urocortin-1, CRHR1, and CRHR2 using qRT-PCR. We selected these markers since previous reports have shown abnormalities in CRH and CRH receptors in endometriosis samples from women. [38] [39] [40] All vesicles and uterus were compared against the housekeeping gene (GAPDH). By having the normal uterus of the same rats in the comparison, we controlled for individual variabilities between rats and for the possible effects of the estrous cycle on the parameters measured. We also quantified mRNA in the uterus from the sham group. We observed no changes in the uterus of sham rats for any of the 3 genes measured (fold change: GR ¼ 1.02; CRH ¼ 1.09; CRHR1 ¼ 1.04; CRHR2 ¼ 1.01). As such, all values from the uterus and vesicles from endo rats were normalized and statistically compared to sham. We observed a significant increase in CRH mRNA within the endometriotic vesicles of the endo-NE group compared to sham uterus (1 sample t test: t ¼ 2.59; df ¼ 13; P <.05; Figure 4A ). No changes in CRH were observed for the uterus or vesicles of the endo-EE group. For urocortin-1, a significant increase in the vesicles of the endo-EE group was observed (1 sample t test: t ¼ 2.54; df ¼ 7; P < .05; Figure 4B) . Similarly, the uterus of the endo-EE group showed an increase in urocortin-1 mRNA of 50%, which fell close to significance (1 sample t test: t ¼ 2.02; df ¼ 7; P ¼ .08; Figure 4B ). However, it is notable that even when we did not observe significance, there was an increase of 30% in urocortin mRNA in both Figure 3 . Adrenal weight and corticosterone measurements in peritoneal fluid and plasma. A, The weight of both adrenal glands normalized to the total body weight at killing. The size for the adrenal glands in endo-enrichment (EE) group was significantly smaller than that of the sham group. B, Corticosterone levels in peritoneal fluid measured by enzyme-linked immunosorbent assay (ELISA) showed a significant decrease for both groups with endometriosis compared to sham control group. C, Similar to peritoneal fluid, corticosterone in plasma was also decreased for both groups of rats with endometriosis compared to sham control rats. *P < .05.
uterus and vesicles of the endo-NE rats. We contrasted the relative amount of CRH to urocortin-1 in uterus and vesicles of the NE group to the EE group, given that CRH preferentially binds to CRHR1 but urocortin-1 has equal selectivity to both CRHR1 and CRHR2. The ratio of CRH to urocortin-1 within animals revealed that the EE group has relatively more urocortin-1 than CRH in uterus and vesicles, while the opposite is true for the NE group ( Figure 4C) .
The CRHR1 or CRHR2 did not show any changes between endometriosis vesicles and normal uterus compared to the sham group (Figure 5A and B) . We measured a significant increase in GR mRNA in the vesicles from the endo-NE group compared to sham uterus (1 sample t test: t ¼ 2.56; df ¼ 14; P <.05; Figure 5C ). This increase was not observed for either the uterus or vesicles of the endo-EE group, suggesting that EE directly impacts the levels of GR in endometriotic vesicles.
Discussion
Our data demonstrate that a noninvasive manipulation of the environmental conditions under which the individual lives can have a significant impact on decreasing certain aspects of endometriosis progression. Environmental enrichment has been shown to have beneficial effects on symptoms in multiple diseases including, but not limited to, anxiety, addictive phenotype, depression-like behaviors, and neurodegenerative diseases such as Alzheimer and Huntington. 20 In the present study, we adhere to the most frequently used protocol of EE in the field 20 by starting interventions at weaning and continuing enrichment throughout the duration of the disease. In our endometriosis model, EE was effective in decreasing vesicle number and size and preventing an increase in CRH and GR expression within the vesicles. We propose that a potential model to explain how EE helps chronic disease presentation is through an increased ability of the HPA axis to achieve stability, referred to as allostasis. 41 As endometriosis progresses, it creates a state of increased demands by several physiological systems, consequently resulting in increased allostatic load. 42 Allostatic load is better defined as the "wear and tear that results from too much stress". 42 Our results suggest that rats without enrichment were more vulnerable to the increased allostatic load generated by endometriosis and presented with a more pronounced pathological state compared to those animals receiving enrichment. On the other hand, rats exposed to EE seemed better able to mount an adequate allostatic response when endometriosis was induced, resulting in a milder expression of the disease. In addition, social interaction-since the subjects were exposed to larger groups of individuals during EE-might have further helped the animals learn adaptive responses to the environmental changes leading to resilience 32 of the HPA axis. In fact, EE has been shown to increase the resilience of animals to social defeat stress by enhancing infralimbic cortical connections with downstream limbic areas and this is done via strengthening the cortical control that the infralimbic prefrontal cortex has over the HPA axis. 43, 44 In our study, EE produced an increase in the amount of time spent at the center of the open field, indicating less anxiety and replicating what many previous studies have found regarding the positive behavioral sequelae of EE. On the other hand, we interpret the decreased activity observed in the zero maze for the endo-EE group as a decreased drive to explore because these animals already have a significantly stimulating environment. In our current study, the zero maze seems to be innocuous for unconditioned anxiety responses. This concurs with prior studies which have shown decreased activity due to enrichment and no changes in the time spent in the open arms of an elevated zero maze in response to enrichment. 45, 46 On the other hand, reduced locomotor activity in EE rats might suggest a faster habituation to mild stressors that exposure to a novel environment might produce, since similar observations have been reported in previous studies. 43, 47 Endometriosis did not produce an anxiety profile in the rats, meaning that rats with endometriosis but without enrichment were not more anxious than the sham control group. This is a behavioral parameter that has not been replicated from the clinical scenario because women with endometriosis tend to show a higher incidence of introversion anxiety. 48 This indicates that the behavioral tests used in this study might not be sensitive enough to measure certain aspects of anxiety that can be present in the animal, since our previous work has demonstrated that administered external stress can produce increased anxiety as assessed by increased fecal pellet counts.
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Our data parallel the clinical observations found in women with endometriosis, 13, 14 showing a decrease in cortisol basal state, even when controlling for treatment status of the patients. Cortisol is a key regulator of inflammation, thus a decrease in cortisol content, both in the peritoneal compartment and serum, can have negative consequences in terms of immune responses in women with endometriosis. Endometriosis, regardless of enrichment, produced a significant decrease in corticosterone compared to sham animals. Therefore, both endo-NE and endo-EE had a blunted corticosterone response, but this was not the case for sham rats (which were housed in similar conditions and underwent the same behavioral tests as the endo-NE rats). Environmental enrichment did not affect the levels of corticosterone either in blood or in peritoneal fluid. Previous studies have shown that baseline plasma corticosterone levels do differ between enriched and nonenriched female rats after 12 weeks of housing conditions, 49 and others have shown inconsistent results specifically in female rodents (reviewed in Girbovan and Plamondon). 50 It is important to note that our endo-NE group and sham group were always paired housed, and not isolated, which in female rats seems to have a larger effect in increasing corticosterone concentrations. 51 Our data point toward the fact that a blunted HPA response is due to the presence of endometriosis. We were unable to obtain reliable measurement of adrenocorticotropic hormone (ACTH) due to the limited amounts of peritoneal fluid. Glucocorticoid independent anti-inflammatory effects of ACTH have been identified. 52, 53 Therefore, in future studies, levels of peritoneal ACTH could help identify if during endometriosis, other mechanisms of anti-inflammatory action are taking place or are also disrupted as the disease progresses.
Our data add to an increasing body of evidence showing that endometriosis is associated with alterations in GR and CRH signaling. We observed both increased GR and CRH mRNA Figure 5 . Messenger RNA (mRNA) levels of corticotropin-releasing hormone (CRH) receptors and glucocorticoid receptor measured by qRT-PCR from the uterus and endometriosis vesicles. A, Corticotropin-releasing hormone receptor type 1 (CRHR1). B, Corticotropin-releasing hormone receptor type 2 (CRHR2). C, Glucocorticoid receptor (GR). Data normalized to the uterus of sham rats. *P < .05 from sham levels.
within the endometriosis vesicles of the endo-NE group, but EE was sufficient to normalize this change in the mRNA and bring the levels similar to sham rats. Within normal uterus GR signaling is responsible for maintaining fertility and reduced inflammation in response to decidualization. 54 On the other hand, CRH induces decidualization of endometrial stromal cells 55 and in rat uterus appears to be a paracrine/autocrine pro-inflammatory mediator. 56 It is very likely then that an increased CRH activates secondary cascades that in turn allows for ectopic endometrium to undergo morphological changes and increase proliferation at ectopic places, similar to the signaling that has been observed in colon cancer 57 and endometrial carcinoma. 58 Although the same mechanisms have not been demonstrated for endometriosis, we believe this could be taken into consideration for future studies.
An increased GR might be a compensatory response to try to decrease inflammation at the ectopic implantation site, thus initiating a tug of war between CRH and GR signaling cascades. Although the CRHR1 was not altered in any of the groups examined, the relative ratio of increased amount of CRH within the endometriotic vesicles and a relative ratio of lower amount of urocortin-1 (see panel C in Figure 4 ) could engage/activate the available CRHR1 chronically, leading to receptor desensitization and alteration in signaling. On the other hand, a relatively higher ratio of urocortin-1 compared to CRH in the vesicles and uterus of the endo-EE group could shift mechanisms that favor CRHR2 signaling cascades. A deficiency in CRHR2 signaling in colorectal cancer promotes tumor expansion and spread via a pro-inflammatory mechanisms. 59 It is possible that similarly, lower activation of CRHR2 signaling relative to CRHR1 could perpetuate endometriosis progression. In addition, CRH induces decidualization of endometrial stromal cells and appears to be a pro-inflammatory mediator in the uterus, 55, 56 while GR signaling is responsible for maintaining fertility and reduce inflammation in response to decidualization 54 ; hence, it is possible that perpetuation of GR and CRH signaling may lead to infertility via abnormally sustained signaling of these 2 receptors.
Translational Significance
In the clinical scenario, several groups have found increases in GR, CRH, and urocortin in tissues from women with endometriosis. Specifically, within primary endometrial stromal cells (proliferative phase) from women with endometriosis, GR mRNA was increased with a concomitant decrease in the progesterone receptor. 60 The glucocorticoid-regulated kinase, which mediates cell responses to environmental stress and has been shown to have antiapoptotic properties, is upregulated in tissue from ovarian endometriosis. 61 Similar to GR, CRH and urocortin are upregulated at the mRNA and protein levels in lesions compared to eutopic endometrium in women with endometriosis. 40 In this same study, an increase in the CRHR1 subtype beta was also observed. Corticotropin-releasing hormone receptor type 1 splice variants can be differentially regulated by estradiol or progesterone, 62 suggesting that splice variant analysis of the CRHR1 might give some additional clues as to the role they play in the pathophysiology of endometriosis. Additional support on the alterations in CRH comes from evidence, showing that in the endometrium (secretory phase) of women with endometriosis there is a lack of increase in CRH and urocortin neuropeptides as is normally observed in healthy women. 38 It has been observed that the CRH increase in endometriotic lesions most likely comes from activated mast cells within the lesions. 63 There is an increase in CRH-binding protein in the peritoneal fluid of patients with advanced endometriosis, which seems to be an attempt for the system to control the abnormal expression of CRH. 64 Taken together, our current data support the clinical observations of anomalous expression of CRH, urocortin-1, and GR in endometriotic tissues. It is proposed that CRH stimulates the secretion of vascular endothelial growth factor (VEGF), 65 leading to increased angiogenesis and perpetuation of the disease. Therefore, increased stress leading to the activation of CRH-dependent pathways could aggravate the disease, while controlling the stress with interventions such as environmental manipulations can be effective on decreasing disease progression via this mechanism.
Despite the multiple beneficial effects that EE has demonstrated in the animal models of disease, to our knowledge, a translational approach has not been tested in the clinical scenario. We therefore propose that EE interventions can be effectively adapted and modified for women with endometriosis resulting in reduced stress, reduced inflammation, and increased outcomes related to quality of life. To mimic the elements of EE, we could implement a multimodal intervention that features the 3 hallmarks of EE: increased social interaction (more animals per cage ¼ support group meetings, online support via social media), novelty (toys and activities ¼ exposure to new hands-on activities and learning activities), and larger enclosures (larger cages ¼ meetings in open environments). Although the proposed intervention has not been tested yet, there are 2 theories that support the use of more naturalistic, open environments in reducing disease. The Stress Recovery Theory postulates that humans evolved over a long period in natural environments; therefore, people are to some extent physiologically and perhaps psychologically adapted to natural (open), as opposed to urban (enclosed), settings. 66 The second theory is the Attention Restoration Theory. It postulates that humans have an unlearned predisposition to pay attention and respond positively to natural content (eg, vegetation, water) favorable to survival during evolution. 67 These 2 theories highlight the relevance of manipulating the environment as a complementary method to treat endometriosis and similar inflammatory chronic disorders resulting in benefit to patients.
Study Limitations
Environmental enrichment frequently includes a component of physical exercise. In our enrichment conditions, we decided not to include a running wheel or similar type of enrichment in the cage as it would have been difficult to monitor the amount of exercise each animal was getting since multiple animals were housed in the same cage (social enrichment). Although some behavioral equipment can be purchased for individual monitoring of voluntary exercise, that type of equipment may be bulky and limit the inclusion of other elements that we thought were important in the enrichment condition such as the toys and nesting materials. The selected enrichment conditions without exercise have been previously shown to have beneficial effects in spatial and working memory of rodents. 68 Previous studies from our laboratory has demonstrated that physical activity in the form of swimming provides certain beneficial effects for improving endometriosis. 12 However, the effects of exercise in improving endometriosis outcomes can be explored on its own given the multiple factors that play a role in exercise physiology. It is plausible that exercise plus the enrichment conditions proposed in this study can have improved beneficial effects than either one on its own, but this can be tested in future experiments.
One of the clinical landmarks of endometriosis is pelvic pain. We did not assess pain modality in the current study as it could have interfered with the anxiety behavioral measurements. Enrichment has been shown to alleviate neuropathic and inflammatory pain in rodents. 69, 70 Future experiments should address the impact of EE and pain perception in endometriosis as this is an important relevant factor for the clinical setting.
The effects of EE in the brain are well documented (see recent review by Gelfo et al 71 ). Although the current article focused on anxiety behaviors and peripheral markers of disease severity, we strongly believe that under enriched conditions, there was a direct impact at the level of the hypothalamus and hippocampus in these animals. Therefore, future studies may combine direct manipulations at the level of the hypothalamus, in addition to the possible involvement of other stress-related brain areas, such as the amygdala, in endometriosis progression and pain perception.
Conclusion
By using EE, we demonstrated a stabilization of GR and CRH in endometriotic tissues, but urocortin-1 remained unaffected. Therefore, within the clinical scenario, noninvasive environmental manipulations that replicate the elements of EE: novelty, increased social interaction, and open natural spaces can be of significant benefit for impacting abnormal signaling and reducing endometriosis development and/or progression. Translationally, our results suggest that multimodal interventions that reduce stress in endometriosis and that target the neuroendocrine-immune disequilibrium 6 could impact disease development and limit the use of invasive treatments that compromise reproductive abilities with considerable side effects. We propose that combining social support, novelty, and open spaces will have a significant positive effect on endometriosis progression. These combined therapeutic modalities can be easily applied to younger women with endometriosis who might not want to deal with the side effects of pharmacological interventions but would like a complementary or alternate treatment modality to help slow disease progression resulting in improved quality of life.
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